Introduction
============

The possibility to precisely control the attachment of application-relevant molecules to the surfaces of micro- and nanoparticles creates a powerful platform technology with a large number of conceivable applications. A vast number of different methods have therefore been explored, but the performance of these materials is still limited by the shortcomings of existing surface functionalization methods.[@cit1]--[@cit3] For example, the highly specific and strong (*K*~a~ ∼ 10^15^ M^--1^) binding interaction between the small-molecule ligand biotin with the proteins avidin or streptavidin is popular for surface attachment in initial proof-of-principle studies with nanoparticles,[@cit1] but it has also been noted that the tetrameric structure of the proteins and their large size (i) may induce crosslinking, (ii) prevent a precise control of conjugate stoichiometry, and (iii) limit the maximum achievable surface coverage densities.[@cit4]--[@cit6] Alternative and refined strategies to reliably functionalize particle surfaces with molecular components are thus highly desired to achieve the transition from proof-of-principle to real applications of nanobioconjugate materials.[@cit1]--[@cit3]

Numerous supramolecular host--guest systems have been previously investigated with the goal to equip nanoparticles with molecular recognition capabilities, and this has enabled a large variety of potential applications.[@cit7]--[@cit22] The typically μM to mM affinities of most synthetic host--guest systems ensure reversible binding, which is highly desirable, *e.g.*, in nanoparticle polymer composites, to control nanoparticle assembly, or for drug delivery. However, for surface functionalization aiming towards bioanalytical applications, host--guest complexes are required, which are sufficiently stable at much lower concentrations. To account for the low binding affinity, multivalent systems have been explored, but this strategy sacrifices -- similar to the (strept)avidin/biotin system -- control over the binding stoichiometry and induces particle crosslinking.[@cit11],[@cit14],[@cit23],[@cit24]

Cucurbit\[*n*\]urils (CB*n*, *n* = 5--8, 10, and 14) composed of *n* glycoluril units comprise a class of biocompatible macrocycles, which stand out from all other supramolecular host molecules by remarkably high binding affinities (*K*~a~ \> 10^17^ M^--1^)[@cit25]--[@cit30] towards certain guest molecules. This exceeds the affinity of biotin with (strept)avidin and clearly suggests CB*n* hosts as a complementary tool in bioconjugation.[@cit4],[@cit31] Moreover, CBs are highly biocompatible as shown in various applications, *e.g.*, in enzyme and membrane transport assays,[@cit32]--[@cit36] for immobilization of proteins and cells on planar surfaces,[@cit37]--[@cit39] for enrichment and isolation of proteins by affinity-beads,[@cit40]--[@cit42] for supramolecular PEGylation of biopharmaceuticals,[@cit43] for multi-stimuli-responsive release,[@cit44] and for protein imaging.[@cit45] CB*n* hosts were also adsorptively attached to metal surfaces such as planar[@cit46],[@cit47] and spherical[@cit48]--[@cit50] gold surfaces, and to iron oxide nanoparticles through multidentate binding of their carbonyl-fringed portals.[@cit51],[@cit52] However, this adsorptive surface functionalization affects the host--guest recognition properties of the cavity since one of the portals is involved in surface binding. Moreover, the presence of two carbonyl-fringed portals may lead to particle aggregation.[@cit46],[@cit51]--[@cit53]

Herein, we present for the first time the covalent surface modification of small, hard-sphere core--shell particles with cucurbit\[7\]uril (CB7). To demonstrate this, we use polymer microparticles, also known as beads or microspheres, as well as nanoparticles. These particles play important roles, *e.g.*, in optical tweezers,[@cit54] drug delivery,[@cit55] medical imaging,[@cit56],[@cit57] and in diagnostic, multiplexing bead-based assays,[@cit58]--[@cit60] as well as lateral flow immunoassays.[@cit61],[@cit62] Our approach affords, similar to the previously established planar surfaces[@cit37]--[@cit39] and porous resins of large (\>40 μm) sepharose beads,[@cit40]--[@cit42] a suitable supramolecular strategy to subsequently immobilize application-relevant molecules. Moreover, we demonstrate herein, that host--guest chemistry allows an unprecedented control of surface functionalization of particles in an easily quantifiable manner.

Results and discussion
======================

Particle synthesis
------------------

For the synthesis of CB7-functionalized particles, we decided to use copper-catalyzed azide--alkyne click chemistry ([Fig. 1](#fig1){ref-type="fig"}). To obtain the required propargyl-CB7 (CB7-OPr), a different procedure than the recently reported method by Zhang and coworkers was established.[@cit63] First, monohydroxylated-CB7 was synthesized according to the method of Bardelang and coworkers.[@cit64] Quantitative conversion into CB7-OPr was then achieved by repeated cycles of crude product resubmission to propargyl bromide and sodium hydride in DMSO, and the identity and purity of CB7-OPr was confirmed by comparison with the reported data (see ESI[†](#fn1){ref-type="fn"}).[@cit63]

![(a) Synthesis of propargyl-CB7 (CB7-OPr). (b) Synthesis of CB7-functionalized PMMA microparticles. (c) Optical microscopy image (at 40-fold magnification) of 5 mg mL^--1^ CB7-functionalized PMMA particles in 10 mM (NH~4~)~2~HPO~4~, pH 7.2.](c8sc03150a-f1){#fig1}

As particles, we used microparticles (mean diameter of 2.55 μm) composed of a compact, hard-sphere poly(methylmethacrylate) (PMMA) core and a grafted layer (111 μmol g^--1^) of poly(acrylic acid) (PAA). These particles were chosen for their ease of handling, optical transparency, and the possibility for microscopic observation, and they were previously characterized by us in detail.[@cit6],[@cit65]--[@cit69] In addition, commercially available nanoparticles (mean diameter of 110 nm) with a hard-sphere polystyrene core and surface carboxylic acids were also tested.

Azide groups were introduced by reaction of surface COOH groups with 11-azido-3,6,9-trioxaundecan-1-amine (ATA) using standard amide coupling protocols,[@cit6],[@cit65] and CB7 was finally covalently bound to the surface by Cu-catalyzed click chemistry ([Fig. 1](#fig1){ref-type="fig"}). The resulting particles were washed into 10 mM (NH~4~)~2~HPO~4~, pH 7.2, which was also used for all subsequent experiments. Inspection by optical microscopy indicated no increased tendency for aggregation compared to the PAA- and ATA-functionalized particles ([Fig. 1c](#fig1){ref-type="fig"} and S7[†](#fn1){ref-type="fn"}), and IR spectroscopic results were in accordance with surface-immobilized CB7 (Fig. S8[†](#fn1){ref-type="fn"}).

Quantification of surface-bound CB7
-----------------------------------

The most compelling evidence for surface functionalization with CB7 was obtained by successful extraction of aminomethyladamantane (AMADA) from 10 mM (NH~4~)~2~HPO~4~, pH 7.2 using CB7-functionalized particles ([Fig. 2](#fig2){ref-type="fig"}). The ultra-strong affinity of AMADA to CB7 (*K*~a~*ca.* 10^15^ M^--1^)[@cit27] was previously exploited by us to evaluate various surface quantification methods.[@cit6],[@cit65]--[@cit69] Therein, AMADA-putrescine was used as a chemical labelling agent for surface COOH groups by amide formation and the number of surface-bound AMADA was determined by extraction of CB7 and subsequent quantification of remaining CB7 by the fluorescent dye acridine orange (AO).[@cit6],[@cit64] Similarly, remaining AMADA is now quantified by addition of a known concentration of CB7 and AO to the supernatant.

![Quantification of CB7 on particle surfaces. (a) Incubation of CB7-functionalized particles with AMADA and subsequent centrifugation gives a supernatant, which can be analyzed to afford the concentration of remaining AMADA by addition of the fluorescent dye acridine orange (AO) and CB7. (b) Dependence of fluorescence spectral changes (*λ*~exc~ = 450 nm, *λ*~obs~ = 510 nm) of the supernatant on the volume of added CB7-functionalized particles stock solution (10 mg mL^--1^) during incubation with 25 μM AMADA. The inset compares CB7-functionalized (filled circles) and ATA-functionalized particles as control (open circles) in 10 mM (NH~4~)~2~HPO~4~, pH 7.2.](c8sc03150a-f2){#fig2}

In accordance with our expectations, an increase of the fluorescence with increasing volume of the particle stock solution immediately indicated the particle-dependent extraction of AMADA and thus successful immobilization of CB7 on the particle surface ([Fig. 2b](#fig2){ref-type="fig"}). The clearly linear dependence with no indications of the typical curvature of a reversible binding isotherm is consistent with quantitative binding between surface-bound CB7 and AMADA, as well as with quantitative binding in the supernatant analysis (Fig. S9[†](#fn1){ref-type="fn"}). As a consequence, we can determine the average (bulk) CB7 surface coverage densities from the intersection between the linear increase and the plateau region in the inset of [Fig. 2](#fig2){ref-type="fig"}, which indicates the amount of particles required to extract all AMADA from solution (see ESI[†](#fn1){ref-type="fn"}).[@cit65],[@cit66]

This simple method to determine the resulting CB7 loading capacities and surface coverage densities was highly reproducible (Table S1,[†](#fn1){ref-type="fn"} coefficient of variation of *ca.* 2% for *n* = 7) and enabled us to evaluate various reaction conditions and their reproducibility during surface functionalization in a straightforward manner (Table S2[†](#fn1){ref-type="fn"}). For example, we could show that washing the particles after click reaction with buffer containing EDTA or not had no influence on the resulting surface coverage, which suggests that no copper ions remained on the particle surface (*cf.* entry \#1 and \#2 in Table S2[†](#fn1){ref-type="fn"}). Furthermore, we could establish that the click reaction is considerably reproducible. The resulting loading capacities of three different reaction batches varied by less than 1% (Table S2,[†](#fn1){ref-type="fn"} entry \#1).

The resulting CB7 surface coverage densities (*ca.* 0.3 nmol cm^--2^, *i.e.* 1.8 CB7 molecules per nm^2^ or a loading capacity of *ca.* 5.7 μmol g^--1^) were significantly higher than the value for a CB7 monolayer on planar gold surfaces (*ca.* 0.08 nmol cm^--2^),[@cit38] which is in accordance with a grafted 3D layer of PAA on the particle surface and thus a 3D layer of surface-bound CB7. Interestingly, the overall coupling yields in our two-step functionalization protocol were in very good agreement with typical coupling yields for amide formation only (*ca.* 5% with respect to COOH groups of surface PAA),[@cit6],[@cit66] which suggests that the second step, the click reaction to attach CB7 onto the surface, is nearly quantitative. As controls, azide-functionalized particles lacking CB7 gave no change in fluorescence intensity (inset of [Fig. 2b](#fig2){ref-type="fig"}), which excluded unspecific binding of AMADA to the particle surface. As additional controls, identical values for the CB7 surface coverage density were determined by extraction of (dimethylaminomethyl)ferrocene (Fig. S10[†](#fn1){ref-type="fn"}), which further excludes any unspecific binding. Moreover, poly(styrene) nanoparticles with surface carboxylic acid groups could be similarly surface-functionalized and analyzed, which afforded CB7 surface coverage densities of *ca.* 0.1 nmol cm^--2^ (Fig. S11[†](#fn1){ref-type="fn"}).

Supramolecular surface functionalization
----------------------------------------

The possibility to reliably immobilize application-relevant molecules on the surface of CB7-functionalized particles was demonstrated with an aminoadamantyl-labeled rhodamine (Ada-Rho, see ESI[†](#fn1){ref-type="fn"} for synthesis) as a model fluorescent dye ([Fig. 3](#fig3){ref-type="fig"}). Immobilization was simply achieved by addition of CB7-functionalized particles to a buffered aqueous solution containing Ada-Rho and washing, which gave a bright red fluorescence from surface-bound Ada-Rho in fluorescence microscopy, whereas the size of the particles remained same as judged by comparison of the bright-field images of particles with and without Ada-Rho. The absorbance as well as the fluorescence of the supernatant decreased linearly with increasing amounts of CB7-functionalized particles indicating quantitative binding (Fig. S12[†](#fn1){ref-type="fn"}). As controls, when the CB7 cavity was blocked by pre-incubation with the stronger binder AMADA,[@cit70] the particles were unable to extract Ada-Rho. Similarly, no Ada-Rho extraction was observed with ATA-functionalized particles (Fig. S13 and S14[†](#fn1){ref-type="fn"}).

![(a) Surface functionalization of CB7 particles with Ada-Rho. (b) Fluorescence microscopy images (*λ*~exc~ = 546 nm) of CB7-functionalized particles (5 mg mL^--1^) with surface-bound Ada-Rho.](c8sc03150a-f3){#fig3}

As in the case of AMADA (see above), the loading capacity of Ada-Rho could be determined from the intersection between the linear decrease and the plateau region of the titration plots (see ESI[†](#fn1){ref-type="fn"}), which revealed that the amount of Ada-Rho on the surface was significantly lower (3.0 μmol g^--1^) than the amount of CB7 (5.7 μmol g^--1^). Such a dependence of the surface coverage density on the size of the immobilized molecule is common, and may be due to steric repulsion between molecules at adjacent binding sites, a size-dependent diffusion through the grafted 3D PAA network, or a conformational rearrangement of the PAA chains in response to the presence of the hydrophobic dye, which may block otherwise available binding sites.

The latter explanation can be ruled out, because particles, in which all binding sites were saturated with Ada-Rho could still extract additional 2.8 μmol g^--1^ AMADA from solution (Fig. S15[†](#fn1){ref-type="fn"}) and the sum of Ada-Rho (3.0 μmol g^--1^) and AMADA (2.8 μmol g^--1^) was in excellent agreement with the CB7 surface coverage density determined with AMADA only (5.7 μmol g^--1^). In other words, approximately 50% of all available CB7 binding sites were occupied when the particles were incubated with Ada-Rho first, and then, the remaining binding sites could be occupied in a second incubation step with AMADA.[@cit70] A different result was, however, obtained, when the CB7-functionalized particles were incubated with a mixture of both, Ada-Rho and AMADA. This reduced the amount of Ada-Rho that can be extracted with a specific amount of particles (Fig. S16[†](#fn1){ref-type="fn"}), which is consistent with a competitive occupation of the CB7 binding sites by AMADA, and suggests an elegant method to control the surface coverage density of CB7-functionalized particles.

Supramolecular control of surface coverage densities
----------------------------------------------------

In order to investigate in detail how the presence of AMADA during incubation with Ada-Rho influences the resulting surface coverage densities, varying amounts of CB7 particles were incubated with mixtures containing different mole fractions of AMADA and Ada-Rho. This indicated that the amount of particles, which are required to extract Ada-Rho from solution, remained approximately the same despite varying total Ada-Rho concentrations in the incubation solution (Fig. S17[†](#fn1){ref-type="fn"}). Consequently, the surface coverage densities of Ada-Rho as determined by our extraction-based surface quantification method depended linearly on the molar fraction of AMADA and Ada-Rho over its entire range ([Fig. 4](#fig4){ref-type="fig"}).

![Dependence of resulting Ada-Rho surface coverage densities on the mole fraction of the competitor AMADA in mixtures of AMADA and Ada-Rho (6 μM total concentration).](c8sc03150a-f4){#fig4}

It is noteworthy that such a simple linear relationship came as a surprise, because first, the number of available binding sites is different for AMADA and Ada-Rho (see above), and second, the resulting surface concentrations of two competitors should, in a thermodynamically equilibrated mixture, also depend on their binding affinities.[@cit30],[@cit70] We conclude that the occupation of the CB7 binding cavities is diffusion-limited, which leads to a kinetically controlled competitive occupation of the CB7 binding sites with AMADA and Ada-Rho.

In addition to the mechanistic insights, our results clearly demonstrate that the surface coverage densities of application-relevant functional molecules on CB7-functionalized particles can be precisely adjusted by using two competitive cavity binders. This allowed us to prepare a series of particles with exactly known Ada-Rho surface coverage densities in a straightforward manner, which could then be analyzed by fluorescence spectroscopy and microscopy ([Fig. 5](#fig5){ref-type="fig"}). Therein, a linear increase in the fluorescence intensity was observed at low surface coverage densities (up to *ca.* 1 μmol g^--1^), whereas higher surface fluorophore coverage densities did not lead to a further increase in fluorescence intensity.

![(a) Steady-state fluorescence spectra (*λ*~exc~ = 520 nm) of Ada-Rho-labeled particles (0.2 mg mL^--1^) in 10 mM (NH~4~)~2~HPO~4~, pH 7.2 with increasing surface coverage densities of Ada-Rho (adjusted by using mixtures of Ada-Rho and AMADA, see [Fig. 4](#fig4){ref-type="fig"}). The inset shows the dependence of the normalized fluorescence intensity (*λ*~em~ = 585 nm) on the surface coverage densities. (b) Dependence of the mean fluorescence intensity within the regions of interest (ROIs) in fluorescence microscopy images (see Fig. S18[†](#fn1){ref-type="fn"}). Error bars represent the standard deviation (*n* = 3).](c8sc03150a-f5){#fig5}

This result is consistent with our previous observations with covalently bound surface fluorophores and originates most likely from self-quenching due to an increased probability of non-fluorescent aggregate formation at high surface coverage densities.[@cit6],[@cit69] It is important to note that uncertainties arising from the covalent surface modification protocol needed to be previously eliminated by control measurements with absolute fluorometry involving an integrating sphere set-up,[@cit6] whereas in this report, we exploit supramolecular host--guest chemistry to unambiguously determine and control the fluorophore surface coverage densities. Another interesting consideration is that our competition-based surface functionalization protocol applies an excess of two competitors for a limited number of accessible binding cavities, which could lead to a more homogeneous distribution of surface coverage densities within a particle population than methods relying on substoichiometric amounts of reagent. The latter require a very efficient mixing to prevent a local depletion during reagent addition to a reaction mixture.

In contrast, when the particles were first surface-functionalized with Ada-Rho and subsequently incubated with high concentrations of AMADA for a longer period, a slow dissociation of Ada-Rho from the surface was observed (Fig. S19[†](#fn1){ref-type="fn"}). This clearly demonstrates the principal reversibility of the host--guest interaction despite the strong affinity. Furthermore, it enables the determination of exchange kinetics on particles surfaces and presents a complementary conceptual framework for kinetic studies of host--guest systems.[@cit71],[@cit72]

Conclusions
===========

In conclusion, we have introduced polymer particles surface-functionalized with the supramolecular host molecule CB7. Therefore, we synthesized monofunctionalized CB7 bearing a propargyl group, which can be covalently bound to azide-functionalized surfaces of polymer particles by click chemistry. The successful reaction and the resulting number of CB7 molecules on the particle surface was reliably quantified and the ease of subsequently introducing other molecular components was demonstrated with the fluorescent dye Ada-Rho. Compared with covalent conjugation strategies, simple mixing of the two components in water suffices and other additives such as coupling reagents are not required. Overall, this provides a reliable host--guest-based surface functionalization method in water with wide-ranging perspectives. We have shown that it allows to precisely control surface coverage densities, which unfolds numerous perspectives in varying areas. For example, it allows the investigation of fluorescence quenching mechanisms on surfaces and validation of absolute fluorometry,[@cit6],[@cit69] the systematic testing of hitherto unverified, theoretical quantification models for spherical substrates in X-ray photoelectron spectroscopy (XPS),[@cit68] as well as straightforward construction of multimodal probes for medical imaging,[@cit73] potentially for clinical applications, which require regulatory clearance and thus metrological traceability.[@cit67] Varying surface coverage densities can have a significant impact on the efficiency of nanoparticle-based diagnostics and therapy.[@cit1]--[@cit3],[@cit74]--[@cit77] We also demonstrated the controllable release of surface-bound Ada-Rho by a stronger cavity binder. This suggests the use of CB7-functionalized particles for the construction of stimuli-responsive release systems.
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